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ABSTRACT

Noise measurements were made on one silicon and three germanium com-
mercially available tunnel diodes over a bias range from zero voltage to a
voltage slightly beyond the valley point, and at three temperatures--Z03 K,
290 K, and 373 K. The study was divided into two parts, one concerned with
frequency-dependent noise and the other with frequency-independent noise.

Frequency-dependent noise was measured in the range 1 kc to 500 kc, and
was found to increase with increasing bias voltage for each sample. The
observed noise at each bias point varied nearly inversely as the frequency
to some power x, where x ranged from 0.46 to 1. 2. This component of
noise appears to be caused by two or more separate components of the
"excess current" present, as well as the normal diode component of cur-
rent. For some tunnel diodes at the higher bias voltages, frequency-
dependent noise may be greater than the normal shot noise at frequencies
as high as 50 Mc.

Frequency-independent noise was measured at 30 Mc at room .-- nperature.
It was found that the equivalent shot-noise current of a tunnel diode at volt-
ages above the peak-point voltage is given very closely by the observed
direct current. From zero voltage to the peak-point voltage, the equivalent
shot-noise current of a tunnel diode is approximated by the sum of the
magnitudes of the Esaki and Zener currents.
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CHAPTER I

INTRODUCTION AND SUMMARY OF RESULTS

A. OBJECT OF THE STUDY

In order to determine whether the tunnel diode will be useful in low-

noise preamplifiers, frequency converters and mixers, more complete infor-

mation than is available in the literature is required on the noise sources

present in the device.

The object of the present work is to measure the intensity of the equiv-

alent shunt noise-current generator for a number of commercially available

tunnel diodes over a wide range of bias, frequency, and temperature, and

to interpret the results in terms of noise sources present in the diodes.

B. MEASURED NOISE IN SOME TUNNEL DIODES

Measurements were made on four cunrel diodes: one Hoffman silicon

tunnel diode, Type IN2929, of 1-ma peak current, and three General Electric

germanium tunnel diodes, Types ]N2939, 1N2969, and IN2941, of 1-, 2. 2-,

and 4. 7-ma peak currents, respectively. These four were chosen in an

effort to obtain a reasonable sample of commercially available tunnel diodes.

The measurements were made at three temperatures, 203 K, 290 K,

and 373 K, and covered a frequency range from I kc to 500 kc. Noise was

also measured at 30 Mc at room temperature. The bias range of interest

extended from zero voltage to voltages slightly beyond the valley voltage.

The more important results' of the study are as follows.

1. Frequency-Dependent Noise

At low frequencies, considerable 1/f noise was found to be present

in all four diodes. Figure la shows the d-c characteristic and Figs. lb

and Ic illustrate the magnitude of the noise measured in the 2.- 2-ma

1.
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germanium sample at room temperature, 290 K. The equivalent shot-noise

current I represents the direct current in an emission-saturated diodeeq

generating a shot noise current equal to the observed noise current, where

I is defined by the equationeq

2
d = 2 q eq Af (1)

In eq. 1, id is the mean-square noise-current generator in shunt with the

tunnel diode at the frequency, temperature, and bias of the measurement,

q is the electronic charge, and Af is the bandwidth of the noise measured.

From Fig. lb it can be seen that low-frequency noise in tunnel diodes

increases rapidly with increasing bias voltages, and Fig. lc indicates that

the noise varies roughly in proportion to 1/f. At the higher bias voltages,

the noise may be so large that a frequency dependent component may be

present that is greater than the normal shot-noise component to frequencies

as high as 50 Mc.

Figure 2 shows l-kc noise in all four diodes, and also in a second

sample of the 2. 2-ma diode Type 1N2969, as a function of forward current,

and suggests that no general statements can be made about the magnitude

of low-frequency noise to be expected from a diode of given peak-current

rating. In addition, the noise does not vary directly as the square of the

forward current, indicating that more than one source is responsible for

the observed noise.

The approximate 1/f frequency variation indicated in Fig. lc is not

characteristic of all the diodes. However, at a particular bias voltage,

the low-frequency noise in all samples was found to vary nearly inversely

as the frequency to some power x. The value of x varies over a considerable

range with bias voltage and temperature. Values as low as 0. 46 and as

high as 1. 2 were noted.
1.

In the work of Yajima and Esaki, it was suggested that two low-

frequency noise-current generators were present in the tunnel diode, one

proportional to the square of the normal diode current component, and one

1 Superscripts refer to numbered items in the Bibliography.
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proportional to the square of the "excess'' current component. The results

of the present study suggest that this statement may be an oversimplification.

The variation of the factor x as described above, and the variation of the

1/f noise with bias in the excess-current region indicate that two or more

separate components of the excess current, as well as the diode current

component, contribute to the observed noise. This observation in turn sug-

gests that the excess current itself may be caused by more than one

physical phenornen

2. Frequency-Independent Noise

At high frequencies, the 1/f noise becomes negligible and the pre-

dominant noise-current source in tunnel diodes is the shot effect. Measure-
2

ments by Tiemann have shown that at high frequencies and in the negative-

resistance region tunnel diodes produce full shot noise; that is, I is equaleq

to the direct current at the bias point. It is supposed that this result can be

extended to other bias regions if the negative Zener current I is sep-

arated from the positive Esaki, excess, and diode current components, IE,

lex' and Id respectivily. Thus,if

Idc = IE + Iex + Id IZ (2)

is the diode direct current, it is supposed that

Ieq =E + Iex + Id + IZ  (3)

Measurements made at 30 Mc and 290 K indicate that, for all four

tunnel-diode samples, Eq. 3 is an excellent approximation. An example
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of the agreement obtained is shown by data for the 1 -ma germanium diode,

Type 1N2939, plotted in Fig. 3. The small circles represent experimental

values of I and the solid line is a plot of Eq. 3 obtained from the directeq 3,
current values and values of Iz  calculated by a method given by Pucel. 3*

The dashed line representing Idc is added for comparison.

- CALCULATED EQUIVALENT
SHOT-NOISE CURRENT

--- OBSERVED D-C CURRENT

o MEASURED EQUIVALENT
SHOT-NOISE CURRENT

.0 ~ - - _ _ _ _ _

I I
E~ I
E

I* I

U
Cr

0.1
.08

.06

.04

,02

0 01 0.2 0.3 0.4 05
BIAS VOLTAGE (VOLTS)

Fig. 3 Comparison of Calculated and Measured Equivalent Shot-Noise Current
at 30 Mc and 290 K for 1 -ma Ge Tunnel Diode Type 1 N2939

A description of the method is given in Chapter III.



CHAPTER II

MEASUREMENT PROCEDURE

A. LOW-FREQUENCY NOISE MEASUREMENTS

The equivalent noise-current generator in shunt with a tunnel diode

can be determined indirectly by connecting the diode as a low-gain amplifier

and measuring its noise figure. The circuit diagram for noise measurements

between 1 kc and 500 kc is shown in Fig. 4.

The experimental procedure is as follows: With the t'unnel diode -on-

nected as shown, and the conductance G set at some convenient value G 1

which prevents the circuit from oscillating, note the voltage V 1 indicated

on the true-rrns voltmeter. Connect the signal generator to the circuit,

POLARAD MODEL N-I GENERAL RADIO

PRECISION NOISE TYPE NO. 1210B UNIT
GENERATOR R-C OSCILLATOR

(G,)

100,4F IMEG

TUNNEL DIODE- .s.. BUIT LNTN

OSCILLATION- I G.R. DECADE TRANSISTOR MOALANTINE2
DAMPING MOUNT IOK G RESISTANCE VIDEO AMPLIFIER MODENO. 3
FROM TEXAS INST. BOX TYPE GAIN -_ 100 db T ER

MODEL 530 TUNNEL NO. 1432-K NOISE FIGURE ; 6 db rT VOLTMETER

TUNNEL DIODE I ,DIODE PARALLEL.TUNED
CURV-TRAER EPARALLEL TUNED

CURVE-TRACER . .J - CIRCUITS: I KC,2KC,

BIAS 5KC, IOKC," ,500KC
SUPPLY 10 I0LOADED 05 100

Fig. 4 Circuit for Low- Frequency Noise Measurements

and set its output to some convenient value well above the noise. Remove

the tunnel diode and adjust the conductance G to some value G2 for which

the voltmeter reading is the same as it was before. This procedure assures

that the impedance seen by the amplifier at its input is the same as it was

for the first measurement. With the signal generator disconnected, note the

voltage V of the voltmeter and measure the noise figure, F., of the

7



circuit. The internal conductance of the noise generator is G 0 for both

measurements.

From the two measurements, the equivalent noise generator id in

parallel with the tunnel diode in a narrow bandwidth Af at the frequency,

temperature, and bias of the measurement can be calculated. Figures 5

and 6 are the equivalent circuits of the amplifier input for the first and second

measurements respectively. In the figures, Gd is the small-signal conductance

----------------
' 1 % Id 'GI G, ex I ,

VIDEO AMPLIFIER

Fig. 5 Noise Equivalent Circuit at Input of Video Amplifier
with Tunnel Diode Connected

----------------------- 1
I 2--I

I _G I io
IGO Go '- 2 ie I Gin

II

L .----------- J
VIDEO AMPLIFIER

Fig. 6 Noise Equivalent Circuit at Input of Video i mplifier
with Tunnel Diode Removed

of the tunnel diode at the bias voltage of the measurement, Gin is the input

conductance of the amplifier, and i 1 and i 2 are the mean-

square thermal-noise currents associated with the conductances G0  Gil

and G2 respectively. Thus

1G0 = 4 kT Af G 0  (4)

.-2
IG = 4 kT Af G1  (5)

8
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G 4 kT Af G2  (6)

where k is Boltzmann's constant, and T is the absolute temperature of

the conductances (290 K for all measurements). The amplifier noise is

represented by an equivalent noise-current generator at its input terminals

of mean-square value 1e2
ex

For the fii st measurement,

2d + 2 +G + iex C1  (7)

where C I is some constant dependent on the amplifier gain and the total

admittance at the amplifier's input. For the second measurement

2 2 2v2 i 0Gz + G0 +eix) 1  (8)

2 + .i2 .i2.- + .-- + .-

FG2  G 0  ex

.2
G0

and the values of C 1 and i are unaltered because the method of setting
1 ex

G 2 assures that the total input admittance is not changed. From Eqs. 7

and 8,
2

.2 2 .2 .2 .2 .2 2
G I ex V 2 G 2  iG0  ex

Substituting Eqs. 4, 5, 6, and 9 into Eq. 10 yields

d T fG0 -F2+ - - (11)

.2 4kTf0 [(Vi) If] F2 ci Go
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If I is defined as the equivalent shot-noise current of the tunnel diodeeq

given by

'2-= Zq zf (IZ)

d  
q q 

1)eq

Equation 11 becomes

q ~ FF2l ___
leq kq -7z -0 GO

G1 G I
S50 {O  - F 2 + GO G+ ma (13)

0 2

Equ7t'/Iur 13 holds regardless of the tunnel-diode temperature.

Measurements were made at dry-ice temperature, 203 K, room tem-

perature, 290 K. and 373 K. To maintain the diodes at dry-ice temperature,

the samples and their mount were placed with some dry ice in a flask of

alcohol. A temperature -controlled oven was used for noise measurements

of the samples at 373 K.

The oscillation-damping mount used for the tunnel diodes was taken

from a Texas Instruments Model 530 Tunnel Diode Curve Tracer. It con-

sists of a series resistance and capacitance placed directly across the tunnel

diode terminals. The value of the capacitance is such that even at the

highest frequency of measurement, 500 kc, its impedance is high enough

to make the effect of the mount on the noise measurements negligible.

B. HIGH-FREQUENCY NOISE MEASUREMENTS

The equivalent noise-current generator in shunt with the tunnel diodes

was measured at 30 Mc by a similar method to that used at low frequencies.

The circuit diagram is shown in Fig. 7.
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POLARAD MODEL N- I JACKSON MODEL 641

PRECISION NOISE UNIVERSAL

GENERATOR SIGNAL GENERATOR

(GO)

6OO uF OOK -

I ,0 MC RADAR I-F BOONTON MODEL
T0 CIRCUIT UNNE AMPLIFIER: NOISE 910A R-F

TUNIED DIRUT' !IOD G CALIBRATED FIGURE ; 8 db, VOLTMETR
LOADED 0 :5 D POTENTIOMETER BANDWIDTH = 5MC, TRUE-RMS

T I 7-5FGAIN 2!IOOdb.... _L _? _L
D-C BLOCKING

BIAS CAPA0TOR

SUPPLY

Fig. 7 Circuit for 30-Mc Noise Measurements

The procedure of measurement at 30 Mc is the same as that at low

frequencies, except that the tuned circuit must be retuned before each

measurement to coirect for the effect of tunnel-diode capacitance. The

equivalent shot-noise current is again given by Eq. 13.

Measurements were made only at room temperature because oscillation

of the tunnel-diode circuit was caused by the long connecting cable required

between the noise-measuring equipment and the temperature-controlling

equipment. The oscillation-damping network shown in Fig. 7 consists of a

series resistance of 22 ohms and a variable capacitor of 7 to 45 mmf placed

directly across the diode terminals. The method of calculating the values
4

required was that of Davidsohn et al. The value of capacitance must be

such that the noise contribution to the circuit of the 22-ohm resistor is

negligible with respect to that of the diode at 30 Mc. For this reason, a

much smaller value of capacitance than that used for the low-frequency

measurements was required. This resulted in insufficient damping when

long connecting cables were used, and the diodes oscillated.

C. DISCUSSION OF ERRORS

The method of noise measurement employed has the advantage of

tending to reduce the effect of inaccuracies in some of the measuring equip-

ment. Consider Eq. 13 rewritten in a slightly different manner.
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1 50 L ] - 1 F Go + 50 G2-50 GI ma. (14)eq (14)

The accuracy of Ieq is to a large partdetermined by the accuracy of

the factor (VI/V 2 ) -1 . The ratio VI/V 2 may be more accurate than

either V1 or V 2 taken alone if some of the error in V 1 appears propor-

tionally in V 2. For best accuracy, the ratio VI/V2 must be much greater

than unity. But VI/V2 can be large only if the product G0 F 2 is small.

Thus, an amplifier with as low a noise figure as possible and a value of G O

as small as possible (consistent with low over-all noise figure) should be

used.

The value of Ieq can also be determined by measuring the over-all

system noise figure F 1 instead of V 1 in the first step of the measure-

ment. -The equivalent noise current Ieq is then given by

1 50 G + - - ma (15)

However, the many more operationr. associated with measuring F 1 and F 2
rather than V , V Z , and F makes this method more time consuming.

Also, the upper limit on F1 of 20 db set by the noise generator restricts

the range of Ieq , and the fact that the true-rms voltmeter is more accurately

calibrated than the noise generator makes the error of the measurement

associated with Eq. 14 smaller than that of the measurement associated

with Eq. 15.

Any small stray reactance present in the circuit, if it is the same for
the measurement of V1 as for that of V 2 , will appear chiefly in the value

of C1 in Eqs. 7 and 8. Thus, its effect on the accuracy of Ieq is minimized.



CHAPTER III

DISCUSSION OF RESULTS

A. TUNNEL-DIODE CURRENT MECHANISMS

Figure 8 shows a typical current-voltage characteristic of a tunnel

diode. A knowledge of the carrier-transport phenomena that combine to

form the observed characteristic is required if the experimental ncise data

are to be interpreted in terms of noise sources within the device.

In the large-forward-voltage range, the observed curve is due to

electron and hole diffusion in the forward direction, and drift currents in

the reverse direction. This component of current, I can be determined

by accurately measuring current and voltage in the tunnel diode at high for-

ward voltage, and applying the usual diode current-voltage relation

Id = I s [eqV/kT-l] (16)

where q is the electronic charge, k is Boltzmann's constant, T is the

absolute temperature, I is a constant, and V is the barrier voltage.s

The voltage drop in the diode spreading resistance must be subtracted from

the measured voltage to obtain V.

OBSERVED CURRENT

CURRENT
COMPONENT DIODE CURRENT

EXCESS COMPONENT\ CURRENT Vk
COMPONENT [d V/kt1

O 0 0.1 0.2 0.3 0.4 0.5

I

fr ZENER CURRENT
I COMPONENT

Fig. 8 Typical Tunnel- Diode V-I Characteristics

13
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Large current in the reverse direction and a current peak in the for-

'ward direction can be attributed1 to the forward-directed Esaki current IE

and the reverse-directed Zener current I The magnitudes of these two

currents have not been accurately predicted by present theory. However,

between zero voltage and the voltage at the peak current, the two components

can be calculated from the observed d-c characteristic quite closely by

using a method suggested by Pucel. 3 If I is the observed current, then the

Esaki and Zener current components at some voltage V are given by

I I (17)

1 -e - qV/kT

I (18)
e qV/kT I

This method is not applicable at bias voltages above approximately the peak-

point voltage because the current then contains components in addition to

I and IZ .

If a parabolic band structure is assumed for the tunnel diode, IE and

I Z can be predicted, but a d-c characteristic obtained using these values

does not agree with observed values of total current. The difference

between the observed current and the algebraic sum of the calculated Esaki,

Zener and diode current components has been called the excess current,

I ex, and is generally believed to be due to carrier tunneling to intermediate

states followed by recombination. This excess-current component, along

with the diode component, are thought to be almost entirely responsible for

1/f noise in the device.

B. 1/f NOISE IN TUNNEL DIODES

In 1958, as a method of learning more about the excess-current region

of the tunnel-diode current-voltage characteristic, an experimental study of
1excess noise in the device was made by Yajima and Esaki. It was found
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that a 1/f noise spectrum existed which appeared to be proportional to the

excess current.

Figures 9 through 18 show the noise observed in the tunnel diode

samples at low frequencies. Figures 9 through 16 are plots of observed

noise versus frequency and observed noise versus bias voltage for each

of the Type IN2929, IN2939, IN9241, and IN2969 samples at temperatures

cf 233 K, 290 K, and 373 K. Figure 17 shows the variation of observed

noise with frequency and bias voltage for a second sample of the Type 1NZ969

2. 2-ma tunnel diode at room temperature. Figure 18 shows the variation

of observed l-kc noise with forward current for each of the four samples at

the three temperatures 203 K, 290 K, and 373 K. The d-c characteristics

for the four samples at the three temperatures are given by Figs. 19, 20,

21, and 22.

Yajima I assumed that there are two 1/f noise-current generators

present in tunnel diodes, one proportional to the square of the diode-current

component and one proportional to the square of the excess-current com-

ponent. On this assumption, the following approximate equation can be written

2 2Z

K 1Id + K 
(19

Ieq f + f (19)

where K 1 and K 2 are constants, and f is the frequency of the noise.

An attempt to fit Eq. 19 to the measured data yields widely different

values of K1 and K2 for the different diodes. In fact, variation of K 1

and K. is needed even from region to region of a single diode. However,

it can be said in general that K is much greater than K I . The magnitude

of the excess noise at any particular bias point was found to be nearly

inversely proportional to its frequency to some power x. The value of x

varied from 0.46 to 1. 2, andwasin general large at the higher bias voltages.

These observations seem to suggest that Eq. 19 is not correct.

Instead, it seems reasonable to suppose that the excess current is made up

of a number of components which produce excess noise inversely proportional

to different powers of frequency and at different-intensities. Since the
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magnitude of the excess current is known to be relatively independent of
1

temperature, it seems necessary to assume that the noise associated
with the different components of excess current are temperature dependent

in different ways.

In general, the following statements can be made about excess noise

in tunnel diodes :

1. 1/f noise is greatest for most tunnel diodes at the higher bias
voltages.

2. At bias voltages near the valley voltage and higher, the 1/f
noise may predominate at frequencies as high as 50 Mc.

Measurements by Van der Ziel 5 indicated that there are irregularities

at low frequencies in the noise spectra of some tunnel diodes. No such

irregularities were noted for the four samples studied.

C. SHOT NOISE IN TUNNEL DIODES

Measurements were made of the equivalent noise-cur rent generator

in parallel with four tunnel-diode samples at 30 Mc and 290 K. It was as -

sumed that all noise measured at this frequency was frequency independent,

and that the thermal noise due to the spreading resistance of the diode was

negligible compared to the shot noise over the bias range of interest. The

latter assumption is valid at frequencies well below the resistive cut-off

frequency of the tunnel diode as long as the ratio of minimum negative resist-

ance to spreading resistance is much greater than one. For the Type 1N2941

4.7-ma diode, this ratio is 55:1, so that the error introduced by this assump-

tion is less than two percent. For the other diodes, the error is consid-

erably less.

The current components IE and I z were calculated for each diode.
2

by Pucel's method, and, following Tiemann, it was assumed that the

equivalent shot-noise current of the diode should be given by Eq. 3.

Figures 23 through 26 show the measured shot-noise equivalent current for

the four samples compared to the value of I obtained from Eq. 3, the
eq

sum of IE , IZ, 'ex, andI d



Z9

For all diodes, the measured shot-noise equivalent current agrees
very closely with Eq. 3. Such small differences as exist could be caused

by the following:

1. Some 1/f noise may be present,

2. At higher bias voltages, the larger junction capacitance makes
accurate measurement of noise difficult. The high measured
values of Ieq at the highest bias voltages may thus be in error.

3. In the positive-resistance regions, the increased value of F2
tends to decrease the accuracy of the measurements.
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